• Ex vivo fucosylation of cord blood cells improves their homing capacities, leading to faster neutrophil and platelet engraftments.
Introduction
Cord blood transplantation (CBT) is an effective alternative for patients lacking a fully HLA-matched donor. 1, 2 Indeed, significantly lower doses and a more naïve repertoire of T cells in cord blood (CB) grafts permit a higher degree of HLA mismatch. This unique advantage and the availability of large numbers of CB units in the global inventory allow identification of a suitable unit for almost every patient without an acceptable HLA-matched donor. 1, 3 However, by comparison with transplantation from matched unrelated donors, 2, [4] [5] [6] [7] CBT has certain limitations, such as delayed engraftment and poor immune reconstitution due to limited numbers of hematopoietic stem and progenitor cells (HSPCs) in the CB graft, which typically result in higher morbidity and mortality rates. 8 Transplantation with 2 CB units has increased the number of adults who can be transplanted, but the median time to neutrophil or platelet engraftment remains inferior to engraftment with bone marrow or peripheral HSPCs. [9] [10] [11] [12] [13] Currently, a number of strategies are being investigated to compensate for the limitations of CB as a source of cells for allogeneic transplantation. One promising approach is ex vivo expansion of CB cells, [14] [15] [16] [17] but this manipulation does not address a persistent problem intrinsic to CBT: the relatively weak affinity of a large subset of CD34 1 cells for the bone marrow microvasculature, leading to defective homing of infused HSPCs to their respective marrow niches.
To overcome this obstacle, our group has taken advantage of the requirement for specific adhesion molecules in the migration of There is an Inside Blood Commentary on this article in this issue.
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HSPCs to the bone marrow. Briefly, the first step in this process-the capture, rolling, and arrest of leukocytes on bone marrow endotheliumis mediated largely by the interactions of E-and P-selectins on endothelial cells with ligands on HSPCs. 18 -20 E-and P-selectins are membrane-bound C-type lectins, and their physiologically relevant ligands must be a1,3-fucosylated to form terminal glycan determinants, such as sialylated Lewis x or sLex (NeuAa2-3Galb1-4 [Fuca1-3]GlcNAcb1-R). 18, 21, 22 Of the surface glycoproteins recognized by these lectins, P-selectin glycoprotein ligand-1 (PSGL-1) is the best characterized. 23 In vivo, P-selectin binds to a small N-terminal region of PSGL-1 that must be first modified by sulfation of tyrosines and addition of sLex to a core 2 O-glycan. E-selectin binds to 1 or more different sites on PSGL-1 and to other a2,3-sialylated and a1,3-fucosylated cell surface glycoconjugates as well. The homing of HSPCs to the bone marrow is impaired in immunodeficient mice that lack P-and E-selectins, whereas injection of wild-type mice with blocking antibodies to P-selectin or PSGL-1 diminishes the rolling of CB-derived HSPCs on bone marrow microvessels. 24, 25 The above studies and others [25] [26] [27] support a critical role for the selectins and their ligands in HSPC homing to bone marrow, yet they indicate a clear deficit in this property for CB cells, apparently due to reduced levels of fucosylation of E-and/or P-selectin ligands on CB cells compared with those on marrow or peripheral blood-derived HSPCs. Thus, the treatment of CB-derived HSPCs ex vivo with guanosine diphosphate (GDP) fucose and the enzyme fucosyltransferase (FT)-VI has been shown to improve cell surface fucosylation and alleviate this adhesion defect in immunodeficient mice. [25] [26] [27] [28] We therefore hypothesized that increasing the level of CD34 1 cell surface fucosylation ex vivo may improve HSPC homing to bone marrow in CBT patients, leading to enhanced neutrophil and platelet engraftment. In the first-in-humans clinical trial reported here, we demonstrate the safety and logistical feasibility of this strategy in the double CBT setting and provide evidence for fucosylation-dependent improvement in time to neutrophil and platelet engraftment.
Methods
Optimization of conditions for clinical use of a1,3-FT-VI
The preclinical laboratory conditions for use of FT-VI, as recommended by the manufacturer (Targazyme, formerly America Stem Cell, Carlsbad, CA), included incubation of the CB cells at 37°C for 30 minutes in Hanks balanced salt solution containing 1% human serum albumin, 160 mU/mL FT-VI, 1 mM GDP b-fucose, and 1 mM MnCl 2 . For the optimization experiments, we performed flow cytometry with the HECA-452 antibody (BD Pharmingen, San Diego, CA) to sLex/cutaneous lymphocyte antigen (CLA), 29 the fucosylated selectin ligand, to measure the levels of cell surface fucosylation. The end points evaluated included the concentration of the FT-VI enzyme, the optimal duration and temperature for CB-FT (VI)-GDP-fucose incubation, the requirement for manganese (MnCl 2 ), and the stability of the CB product following fucosylation.
Study design
This trial was designed to assess the safety, feasibility, and clinical activity of enforced CB cell surface fucosylation of a single CB unit in the context of double CBT for patients with advanced cancer. The primary end point was the time to neutrophil and platelet engraftment, relative to results for a comparable cohort of patients who had undergone double unmanipulated CBT at this center.
Eligibility
Patients with high-risk hematologic malignancies who lacked a suitable HLA-matched related or unrelated donor were eligible if they had 2 CB units matched at $4 HLA loci by intermediate-resolution typing for HLA class I alleles (A and B) or by high-resolution typing for the HLA class II DRB1 allele, and had $1.5 3 10 7 total nucleated cells (TNCs) per kilogram of body weight per CB unit. Adequate organ system function was also required, as indicated by a left ventricular ejection fraction of $40%, a pulmonary diffusion capacity of $50% of the predicted value, a serum creatinine value ,1.6 mg/dL, and an alanine aminotransferase/bilirubin #2.0 times normal. This study (http://clinicaltrials.gov study number NCT01471067) was approved by the MD Anderson Institutional Review Board (Protocol 2010-0658) and the Food and Drug Administration (IND 14897).
Preparative regimen and supportive care
The study schema is shown in Figure 1 . Prophylaxis against graft-versus-host disease (GVHD) consisted of rabbit antithymocyte globulin for a total of 3 mg/kg infused over 2 days on days 24 and 23, tacrolimus on days 22 through 180, and mycophenolate mofetil at a dose of 15 mg/kg (maximum dose of 1 g orally twice daily) on days 22 through 100. Filgrastim was administered starting on day 0 until neutrophil engraftment. Antimicrobial prophylaxis and blood product support were given according to institutional guidelines.
Fucosylation and transplantation procedures
All CB units used in this study were red blood cell (RBC) depleted prior to cryopreservation and shipment to our center (we do not use RBC-replete units). On day 0, the CB unit with the highest TNC dose was thawed, washed on the Sepax device using the CordWash protocol (Biosafe SA), and infused without further manipulation ( Figure 1 ). The second unit with the smaller TNC dose was then thawed and washed on the Sepax device. The 50-mL output volume (10 6 cells/mL) was treated with FT-VI (100 mU/mL) and GDP b-fucose (1 mM) for 30 minutes at room temperature. The fucosylated cells were then washed a second time on the Sepax device, with the final 100-mL output volume collected and infused. An aliquot of the cells was evaluated by flow cytometry using the Becton-Dickinson FACSCanto II Figure 1 . Transplantation of unmanipulated and fucosylated CB cells. Patients were admitted on day 28 for intravenous hydration, and the preparative regimen was given from days 27 to 22. On day 0, the CB unit with the highest TNC dose was thawed, washed, and infused without further manipulation. The unit with the smaller TNC dose was then thawed, washed, and treated with 100 mU/mL FT-VI and 1 mM GDP b-fucose (Targazyme) for 30 minutes at room temperature. The fucosylated cells were then washed and infused.
instrument (BD Biosciences, San Jose, CA) before and, for the fucosylated units, after the fucosylation procedure to detect CD45 1 , CD34 1 , and
and B cells (CD19 1 ) as previously described. 30 The HECA-452 antibody against the CLA antigen was used to measure fucosylation before and for the treated units, after addition of the FT-VI enzyme and GDP fucose, as previously described. The time to neutrophil engraftment was defined as the first of 3 consecutive days with an absolute neutrophil count (ANC) of $0.5 3 10 9 /L, and the time to platelet engraftment as the first of 7 consecutive days with a platelet count of $20 3 10 9 /L without platelet transfusion. Chimerism in the peripheral blood was documented on days 30 and 60 and every 3 months after CB infusion, using polymerase chain reaction with primer sets flanking microsatellite repeats.
Statistical analysis
Engraftment results in the study cohort (n 5 22) were compared with those for historical controls (n 5 31) who had undergone double unmanipulated CBT at our institution and whose baseline clinical characteristics, including preparative regimens, were matched as closely as possible to those of the study group (Table 1) . Cumulative incidence curves with death as a competing event were constructed by the methods of Gooley et al 31 and used to analyze times to platelet and neutrophil engraftment after infusion. A Cox proportional hazards model was used to assess predictors of time to engraftment. Although confirmed by biopsy when feasible, the diagnosis of GVHD was ultimately determined by clinical presentation. Acute GVHD was clinically graded as 0 to IV based on standard criteria 32 ; chronic GVHD was classified as none, limited, or extensive. 33 The risk for induction of GVHD within 100 days was estimated by the generation of cumulative incidence curves, with death considered to be the competing risk. No adjustments were made for multiple testing. The 95% confidence intervals (CIs) for the hazard ratios (HR) in the Cox multivariate model were approximated by use of the profile likelihood test. 34 The Wilcoxon rank-sum test was used to compare continuous variables, whereas the x 2 or Fisher's exact test was applied in comparisons of dichotomous variables among groups of patients, using a 2-sided a of 0.05. All statistical analyses were performed with SAS 9.3 for Windows, SAS Institute Inc. (2014).
Results

Development of FT-VI treatment of clinical use
Optimal conditions for fucosylation of the CB-derived mononuclear cells consisted of a 30-minute incubation at room temperature with FT-VI (100 mU/mL) in Hanks balanced salt solution containing 1% HSA and 1 mM GDP b-fucose. The addition of manganese, which was originally recommended by the manufacturer, did not add to the already maximal fucosylation achieved by FT-VI treatment alone 27 and was deleted from the procedure. were not fucosylated at all following this treatment (Figure 2A , all remaining panels). The CD34 
Patients
Between August 2012 and January 2014, 22 patients with a median age of 42 years (range, 20-68 years) were enrolled and treated in this study (Table 1) . Their presenting characteristics, underlying diagnoses, donor HLA compatibility, and conditioning regimens did not differ significantly from findings in 31 historical controls who had undergone double unmanipulated CBT at this center. By standard risk index criteria, 35 59% of the study cohort had intermediate-risk disease, 32% high-risk disease, and 9% very-high-risk disease, and 64.5% of the control group had high or very high risk. One half of the study patients had a comorbidity score 36 of 3 or higher, whereas 22% had a score of 1 or 2. 7 TNCs/kg; range, 1.96-8.94 TNCs/kg), the differences were clinically insignificant. Further, there were no differences in the CD34 doses among the groups. 
Neutrophil and platelet engraftment
One patient died of bacterial sepsis on day 23 without engrafting neutrophils or platelets, and one developed secondary graft failure on the day after initial engraftment (day 14 after transplantation) and was rescued with previously stored autologous peripheral blood progenitor cells. Among the 20 remaining patients, the median time to neutrophil recovery was 17 days (range, 12-34 days), which was significantly shorter than the 26 days (range, 11-48 days) for our historical control group (P 5 .0023). The median time to platelet engraftment in the study cohort was 35 days (range, 18-100 days) compared with 45 days (range, 27-120 days) for the historical controls (P 5 .0520). At 30 days after transplantation, the cumulative incidence of neutrophil engraftment in the study cohort ( Figure 3A ) was 95.5% (95% CI, 40.8-99.8%) vs 81.7% (95% CI, 60.6-91.2%) in controls (P 5 .0003) for overall comparison. The cumulative incidence of platelet engraftment at 65 days ( Figure 3B ) was likewise increased over the control group: 86.4% (95% CI, 54.54-96.52%) vs 58.1% (95% CI, 38.4-73.4%; P 5 .0065).
Within the limits of the small sample sizes, there was no difference in the time to or cumulative incidence of engraftment when the analysis was based on the conditioning regimens that were used (data not shown). We also asked whether the time to neutrophil or platelet engraftment correlated with key properties of the 2 CB units received by each patient, including the infused doses (per kilogram) of TNCs, CD34 
Chimerism and the dominating CB unit
Twenty evaluable patients had complete (100%) donor engraftment with one or both CB units in the leukocyte, T-cell, and myeloid cell compartments of peripheral blood at day 30 after transplantation ( Figure 4) . Eight of these patients (40%) had evidence of hematopoiesis solely from the unmanipulated CB unit, whereas in 8 others (40%), it stemmed solely from the fucosylated CB unit. Four patients (20%) had hematopoiesis derived from both units at day 30, with 2 of the 4 having a single predominant CB unit predominate at later time points (1 fucosylated and 1 unmanipulated). There was no difference between the cumulative incidence curves for neutrophil or platelet engraftment, whether patients engrafted from the unmanipulated or the fucosylated CB unit (Figure 5A -B).
Toxicity and survival
All CB cell infusions were well tolerated. The 100-day cumulative incidence of grade II to IV acute GVHD was 40.9% (95% CI, 20.18-60.71%) in the study population compared with 38.71% (95% CI, 21.67-55.49%) in controls (P 5 .86), whereas that of grade III or IV GVHD was 9.1% (95% CI, 1.5-25.6%) vs 12.9% (95% CI, 3.97-27.26%) in controls (P 5 .66). The overall cumulative incidence of chronic GVHD in the study group was 5% (95% CI, 0.3-19.55%) vs 22.51% (95% CI, 8.48-40.61%) in controls (P 5 .17). There were no other serious adverse events that appeared related to the CB cell infusions. At a median follow-up of 8 months (range, 3-20 months) for surviving patients, 10 of these 22 high-risk patients remained alive ( Table 2 ). The causes of death included infections (5), chemotherapy-related organ toxicities (3), relapse (3), and GVHD (1).
Discussion
In this trial we sought to test the safety and feasibility of infusions of fucosylated CB hematopoietic progenitors as a means to improve neutrophil and platelet engraftment in patients undergoing CBT for advanced cancer. We first demonstrate the efficiency and efficacy of ex vivo incubation of CB cells with the enzyme FT-VI and its substrate, GDP-fucose, for 30 minutes at room temperature for increasing the surface fucosylation of CD34 1 cells. When combined with a second, unmanipulated CB unit, the fucosylated unit was associated with rapid BLOOD
of neutrophils (median, 17 days) and platelets (median, 35 days) following myeloablative therapy. Indeed, this outcome was clearly improved over that in our historical control group (26 days for neutrophils and 45 days for platelets) and over results reported by others for double unmanipulated CBT. [9] [10] [11] 37 Neutrophil and platelet engraftment times similar to ours were attained by Delaney et al, 14 Horwitz et al 17 and Wagner et al, 38 who expanded 1 of 2 CB units ex vivo using systems that require 14 to 21 days of culture with cytokines prior to infusion. Our findings agree well with the predictions of preclinical studies, 25, 27 with the exception of a report by Hidalgo and Frenette. 26 Although demonstrating marked enhancement of FTVItreated CD34
1 cells in their interaction with the bone marrow microvasculature, these authors were unable to show improved homing into the marrow. The basis for this discrepancy is unclear, but may reflect the type of homing assays used or the relatively low numbers of transplanted CD34 1 cells.
We attribute the accelerated engraftment of neutrophils and platelets in our study to several factors. First, surface fucosylation of essentially all CB-derived CD34
1 HSPCs (Figure 2 ) likely increased the proportion of infused cells able to interact with E-and P-selectins expressed on vascular endothelial cells and therefore to be recruited to bone marrow microenvironmental niches. Second, the substantial degree of fucosylation of NK cells may have boosted engraftment through an effect that was initially described by a "hybrid resistance" model and was shown to be mediated through the classical "missing selfrecognition" phenomenon. 39, 40 Third, the activity of other accessory cells, such as CD14 1 monocytes, which were highly fucosylated after treatment with FT-VI, may have facilitated the generation of neutrophils and platelets from HSPCs. 41 A surprising outcome in this trial was that the unfucosylated CB unit dominated in half of the patients studied, yet the times to engraftment of neutrophils and platelets were essentially the same in both groups (Figure 4 ). This observation contrasts with that of Cutler et al, 42 who reported a contribution to engraftment from prostaglandin E2-treated CB cells in 83% (10 of 12) of their patients. One explanation is that we evaluated the patients for chimerism too late and missed an early wave of engraftment, when the effects of the fucosylated unit might have been readily detected. We are now evaluating chimerism as soon as the patients engraft, so that in the future we should be able to determine whether the engraftment of CB occurs early and is then replaced by the unmanipulated unit, as we have seen with ex vivo expanded CB. 15 Another possibility is that even though the fucosylated unit was not detected, it may have facilitated the engraftment of the unmanipulated CB preparation. In this alternative, specific accessory cell populations could be activated through passive mechanisms of increased cell flow, resulting in a streaming effect whereby the unfucosylated cells traffic with the fucosylated cells into the hematopoietic niche and then preferentially home to the marrow. 41 Higher doses of CD45 1 CLA 1 cells were indeed a predictor of faster engraftment, suggesting that the fucosylation of accessory cells not expressing CD34 may be important. It is also conceivable that increased homing of the fucosylated cells to the marrow results in increased expression of integrins and other adhesion molecules in the microenvironment, thus further promoting engraftment of the unmanipulated unit. In addition to improving neutrophil and platelet engraftment, we demonstrate that CB fucosylation in the context of double CBT is safe, with no serious infusion-related toxicity seen over the extended followup period. In particular, there was no increase in the incidence of acute or chronic GVHD in the study population. Similarly, within the limitations of a phase 1 trial, enforced fucosylation of HSPCs was not associated with an increased mortality rate. Poor survival noted in the control group is a reflection of their underlying high risk disease, as about two-thirds of the patients had high-to veryhigh-risk disease.
In summary, we showed that ex vivo fucosylation of CB cells is a rapid, logistically straightforward, and safe procedure that appears to improve times to neutrophil and platelet engraftment in high-risk patients with hematologic malignancies who have undergone double CBT. We recognize that the use of historical controls and a relatively small sample size hindered our ability to identify factors that may predispose patients to engraft predominantly with fucosylated or nonfucosylated unit. With ongoing recruitment of patients, we should be able to understand and overcome this restriction. Finally, because CB cell expansion by mesenchymal stromal cell coculture also results in shorter times to neutrophil and platelet engraftment, 15 we suggest that fucosylation of ex vivo-expanded CB cells may further accelerate engraftment of these cells, a possibility warranting both clinical and mechanistic investigation. 
